A "green" method to synthesize new composite membranes from a cellulose solution in phosphoric acid on various ultrafiltration substrates is proposed. The method can be used in industry; it differs from the conventional viscose method for producing cellophane and other known methods for synthesizing cellulose-based gas separation membranes by the absence of gaseous emissions and wastewater. The structure of the synthesized samples is studied by electron microscopy, X-ray diffraction, and thermal analysis (DSC). Analysis of the mechanical properties of the samples shows that the new membranes have better mechanical characteristics than those of homogeneous pure cellulose films synthesized in this study and commercial cellophane films. The gas transport properties of new membranes with respect to O 2 , N 2 , CO 2 , CH 4 , and He are studied. It is found that the proposed membrane synthesis method provides the formation of uniform dense gas separation layers of cellulose; the membranes show a three orders of magnitude higher gas permeability than that of cellophane films. It is shown that the highest ideal selectivity is exhibited by membranes with a gas separation layer of cellulose on viscose fabric substrates.
INTRODUCTION
The use of modern membrane processes can solve many environmental problems associated with the purification and conversion of harmful substances; however, there is a major problem associated with the development and synthesis of polymer membrane materials, particularly the synthesis of the required polymers, and the disposal of spent membranes that damage the environment. A solution to this problem would make it possible not only to synthesize new highly efficient membranes, but also to significantly decrease the negative impact of the production and use of polymer membranes on the environment. In terms of "green" chemistry, one of the most promising polymers is cellulose, because it has a constantly renewable and diverse plant raw material base and undergoes biodegradation under natural conditions. Cellulose is a polymer with a linear chain configuration [poly(1→4)-β-D-glucopyranosyl-D-glucopyranose] with the general formula of [С 6 Н 7 О 2 (ОН) 3 ]n; it is soluble in a limited number of solvents, because it has a developed system of inter-and intramolecular hydrogen bonds. Currently, cellulose is processed mostly in accordance with the viscose technology, which is environmentally unsafe [1] ; this factor significantly complicates the commercial use of mem-brane modules based on nonporous cellophane films synthesized from cellulose regenerated from a viscose solution (cellulose hydrate). Note that, despite the possibility of using cellophane as a membrane material in the dialysis and gas separation processes [2] , cellophane does not exhibit high efficiency, structural homogeneity, and required strength. The search for new possibilities of using cellulose as a membrane material has made it possible to synthesize new cellulose membranes in the form of both flat films (Lyophane) [3] and hollow fibers from solutions in N-methylmorpholine-N-oxide [4] and others solvents [5] [6] [7] . The authors of [8] used a cellulose cuoxam solution to synthesize cellulose hydrate-based hemodialysis membranes (synthesized films are known as Cuprophane); however, in this case, the production is characterized by the penetration of copper salts into wastewater. Results of the development of ultrafiltration membranes from cellulose ethers (di-and triacetates, butyrates, etc.) with their subsequent saponification are described in [9] [10] [11] . It should be noted that, in this case, during the preparation and subsequent processing of the casting solutions of cellulose ethers, special precautions are required because of the use of acetone, which is a highly flammable substance and forms an explosive mixture with air. MEMBRANES One of the most promising and safe methods to synthesize cellulose membranes is the formation of cellulose-based separation layers from phosphoric acid solutions. Despite the fact that aqueous phosphoric acid has been known as a direct cellulose solvent for a relatively long time, a technological process for the production of cellulose hydrate fibers using this acid under conditions that preclude the occurrence of intense polymer degradation has been first implemented on a universal pilot plant in the Laboratory for Cellulose Solutions and Products of Their Treatment at Institute for Physicochemical Problems of the Belorussian State University. Later, it was scaled up on a pilot production unit of OAO SvetlogorskKhimvolokno [12, 13] . This process has indubitable advantages over the viscose method, in particular, a smaller number of intermediate stages and the absence of gaseous emissions and wastewater. In this study, using this processing technique, a method to synthesize cellulosebased films and composite membranes is proposed. Membranes can be synthesized both via depositing selective layers of cellulose on the substrate surface and via impregnating the substrate with a polymer solution [14] . Note that, in the first case, it is easier to control and vary the thickness of the deposited layer to achieve a high level of gas permeability of the membrane.
In gas separation processes, the currently available cellulose membranes can be inferior to synthetic membranes in mechanical properties and gas separation selectivity. However, the general strategy of switching to biodegradable materials and the low cost and unique properties of cellulose membranes, such as resistance to acids, alkalis, and vapors of organic substances, make it reasonable to improve the characteristics of cellulose membranes, for example, via combining them with other natural polymers or designing composite membranes based on dense selective layers of cellulose on various porous substrates.
This paper describes results of the development of new composite membranes by casting cellulose solutions in phosphoric acid onto various substrates and the determination of the gas separation properties of the membranes.
OBJECTS OF RESEARCH
Phosphoric acid of the "chemically pure" grade (ω(H 3 PO 4 ) = 85 ± 1%) was used as a general solvent for cellulose (sulfate cellulose from softwood produced by the Baikal Pulp and Paper Mill, Baikalsk, Russia; a polymerization degree of 900; an α-cellulose content of 92%). Before dissolution, cellulose sheets were cut into 1 × 1 cm squares. After that, the cut polymer was introduced into aqueous solutions of phosphoric acid and dispersed to obtain a homogeneous suspension and provide the subsequent dissolution. Cellulose solutions with a concentration of 5-7 wt % and solutions with the addition of glycerol (10-20%) were prepared. The completeness of dissolution was determined from the presence of undissolved particles, which were detected in a thin layer of the solution in polarized light using an Amplival optical microscope (Germany) at various magnifications. The prepared cellulose solutions in aqueous phosphoric acid at ambient temperature were highly viscous transparent jellies without mechanical impurities; being heated above 293 K, they acquired fluidity and became suitable for membrane casting. The prepared solutions did not show visible signs of phase separation during storage and heating.
Films were synthesized by casting a solution onto a substrate and subsequently distributing it over the entire surface using a special knife. The substrates were cellulose paper; the following commercial fabrics: a polyamide fabric, a viscose fabric, and a viscose fabric treated with phosphoric acid; and the following ultrafiltration membranes: a polyacrylonitrile (PAN) membrane on a viscose-acetate fabric substrate (Research Institute for Physicochemical Problems, Belarus) and a PAN membrane on a polyester (PE) fabric substrate (Germany). Before depositing a cellulose solution layer, the substrate was preheated to 333 K for 15 min. To provide wet casting, the substrate together with the deposited solution was immersed into a precipitation bath with isopropyl alcohol. The time before immersion into the precipitation bath was varied in a range of 5-15 min to provide the partial dissolution of the substrate fabric to improve the adhesion of the film and fabric layers of the composite membrane. The resulting membrane was washed sequentially with an alkali solution (pH of 8-9) and distilled water.
EXPERIMENTAL

Sample Structure Analysis
The surface morphology of the films was studied by scanning electron microscopy (SEM) on a LEO 1420 microscope (Carl Zeiss, Germany) at magnifications of ×500-×20000. Fourier transform infrared spectra in the multiple attenuated total reflectance mode (on a zinc selenide crystal with a fixed incidence angle of 45°) were recorded on a Nicolet IS10 FTIR spectrometer (ThermoScientific, United States) at a resolution of 2 cm -1 and ambient temperature with a number of scans of 40. X-ray diffraction analysis was conducted on a PANalytical Empyrean X-ray diffractometer (CuK α radiation).
The cross-sectional morphology of the synthesized samples was studied by SEM. Images were recorded using a high-resolution SEM instrument with a JSM 7500F field emission cathode (JEOL, Japan) in the low-energy secondary electron mode. A platinum metal film with a thickness of about 5 nm was deposited on the surface of the objects by magnetron sputtering. A thin platinum film was sputtered for two purposes: to eliminate the polymer degradation under the action of electron irradiation and eliminate the poly-mer charging, which occurs in a dielectric material under the action of a primary electron flow.
The mechanical properties of the films-breaking stress and elongation at break-were measured using a Zwick/Roell Z 0.5 tensile testing machine. Before measurements, samples were cut from the film in the longitudinal and transverse directions. The thickness of the samples was measured using a micrometer; the determined value was averaged.
The properties of the samples were studied by differential scanning calorimetry (DSC) and thermogravimetry (TGA) on a Mettler Toledo TGA/DSC 1 instrument equipped with a SDTA FRS2 sensor in a 150-μL Al 2 O 3 crucible in an Ar medium at a flow rate of 100 mL/min under heating at a rate of 10 K/min in a range of 30-1000°C.
Procedure for Measuring Gas Permeation Parameters
The gas transport characteristics of the membranes were studied using the following gases: oxygen (99.7% purity), nitrogen (99.6% purity), helium (99.995% purity), carbon dioxide (98%), methane (99.9%), and argon (99.9%).
The permeability of individual gases was determined by the differential method with gas chromatographic detection [15] . Helium and argon were used as the carrier gas; the partial gas pressure difference on the membrane was 1 atm; the temperature of the membrane cell was 294-296 K. A diagram of an experimental setup for determining the gas permeability parameters is shown in Fig. 1 .
Gas permeability across the membrane was determined as follows: (1) where J i = c i J is the penetrant flux across the membrane; c is the molar fraction of the penetrant in the carrier gas stream, A is the working area of the membrane, cm 2 ; Δр is the partial gas pressure difference on the two sides of the membrane, cmHg; and J is the carrier gas flow rate, cm 3 /s. Gas permeability coefficient P was calculated as follows:
(2) where l is the thickness of the selective layer of the membrane, μm.
Ideal selectivity for a pair of gases i, j was determined as follows:
RESULTS AND DISCUSSION
Analysis of Morphology of the New Composite
Membranes Scanning electron microscopy studies of the morphology of the synthesized cellulose films and the new membranes with a selective gas separation layer of cellulose on various substrates showed that the proposed method for synthesizing cellulose layers provides the formation of a polymer layer that is uniform in both the lateral and vertical directions ( Figs. 1-4 that the surface pattern of the cellulose film synthesized from a phosphoric acid solution differs from the surface morphology of the commercial cellophane film (Fig. 2 ).
Using the SEM data, the thickness of the cellulose films and the selective layers deposited on various woven substrates was determined. Thus, it was found that the thickness of the selective layer of the studied cellulose film without a substrate (Fig. 4a ) was 70 μm, while the thickness of the selective layers for the composite membrane synthesized from a 6% cellulose solution with the addition of 20% of glycerol on a viscose fabric (satin) substrate (Fig. 4b ) and the sample synthesized from a 7% cellulose solution with the addition of 20% of glycerol on a thin viscose fabric substrate was 27 and 56 μm, respectively. 
Analysis of the Thermomechanical Properties of the New Composite Membranes
The mechanical characteristics of the synthesized polymer films and composite membranes are of considerable interest in determining the prospects for their further use in membrane modules of various designs. Results of the study of the mechanical properties of the samples are shown in Table 1 . Table 1 that, in the set of the synthesized samples, the lowest strength is exhibited by the samples of cellulose films and cellulose on a paper substrate. Note that the commercial cellophane film also has lower mechanical characteristics than those of the new composite membranes on woven substrates.
It is evident from
The DSC and TGA results for membranes with a selective layer of cellulose on a viscose fabric (including cellulose with the addition of glycerol) showed that, up to 120-140°C, a weight loss of 4-5% is observed in all the samples; it is most probably attributed to water desorption. At 180°C, a weight loss is recorded for the glycerol-containing sample. The highest thermal resistance is exhibited by the cellulose/viscose fabric membranes. The total weight loss for them is 82%. Figure 5 shows results of X-ray diffraction analysis of the structure of the cellulose film. It was found that the degree of crystallinity of the synthesized cellulose film is lower than that of cellulose of the commercial cellophane film. The amorphization of the cellulose film synthesized from a phosphoric acid solution is evidenced by a decrease in the intensity of the peak at 2θ = 22.4°, which corresponds to the reflection from the (200) crystallographic plane, and the disappearance of the peak at 2θ = 77°, which is responsible for the contribution of crystalline regions to the X-ray diffraction pattern [16] . The authors of [17] compared the degrees of crystallinity of the samples and found that the degree of crystallinity of cellophane and a cellulose film synthesized from a phosphoric acid solution was 65 and 25%, respectively.
X-ray Diffraction Analysis of Cellulose Structure
Analysis of the Gas Permeability of the Composite Membranes
A comparative study of the permeability of O 2 and N 2 across the synthesized membranes was conducted to determine the presence of defects in the selective layer; it was found that the cellulose films and the composite membranes with a cellulose layer on a paper substrate do not withstand clamping in the membrane cell; therefore, these samples were excluded from further studies. The experimental results on gas permeability for the other composite membranes synthesized in this study are shown in Table 2 . Note that comparative data on the gas permeability of the oxygen/nitrogen pair make it possible to reveal not only the presence of microdefects, but also the possible formation of a porous structure in the gas separation layer. In the case of a porous matrix, the ideal selectivity for the O 2 /N 2 pair in the molecular diffusion mode is defined as ( ) 1/2 [18] and amounts to 0.9. Table 2 that a number of the synthesized samples exhibit a significantly higher selectivity than that in the molecular mode of gas flow in porous media; this fact confirms the efficiency of the choice of the method to deposit polymer layers to provide the formation of a defect-free dense gas-selective layer. It was found that, during the deposition of a polymer solution on a viscose fabric substrate, the gas permeability of the membranes can be controlled via varying the time of holding of the solution before immersion into a precipitation bath. With an increase in the contact time, the gas permeability decreases; this effect is attributed to the partial dissolution of the fabric in phosphoric acid and the formation of a denser structure owing to this dissolution. Thus, with an increase in the contact time from 10 to 15 min, the nitrogen permeability decreases from 1.6 × 10 -6 to 4.8 × 10 -7 cm 3 /(cm 2 s cmHg). Despite the fact that 2 2 N O М М cellulose is a low-permeability polymer [20] , we found that the oxygen and nitrogen permeability Q for the new composite membranes is similar to or slightly lower than the permeability of composite membranes based on polyvinyltrimethylsilane (PVTMS) on PAN substrates with a 3-μm-thick selective layer that were synthesized in the Laboratory for Physical Chemistry of Membrane Processes of Topchiev Institute of Petrochemical Synthesis of the Russian Academy of Sciences and significantly higher than the values determined for composite membranes with cellulose-based selective layers that were synthesized in [19] . It should also be noted that cellulose films synthesized from cellulose solutions in phosphoric acid exhibit a higher efficiency than that of cellophane; this fact can be attributed to the lower degree of crystallinity of the new films, which contributes to an increase in gas permeability. The high affinity of the solvent for the material of the viscose fabric-cellulose-contributes to a deeper penetration of the polymer solution deposited on the fabric surface into the surface layers of the fabric and, as a consequence, the formation of a defect-free film layer with the highest ideal selectivity on the surface of the composite membrane. The achieved O 2 /N 2 selectivity is at the level of values of composite membranes with a selective separation layer based on cellulose nanocrystals [19] and polymer membranes based on polyacetylenes and some norbornenes [21, 22] . According to gas permeability and SEM data, the gas permeability coefficients of the synthesized cellulose-based selective layers were determined. The results are shown in Table 3 . Unfortunately, data on gas transport across cellulose films (membranes) are extremely scarce; in addition, the values also depend on the degree of hydration of the matrix [20] .
It is evident from
According to gas permeability and SEM data, the gas permeability coefficients of the synthesized cellulose-based selective layers were determined. The results are shown in Table 3 . Comparison of the calcu-lated gas permeability coefficients for the new cellulose-based membranes with the coefficients of commercial cellophane films shows that the gas permeability coefficients for cellophane are two orders of magnitude lower; this finding can be attributed to both the low degree of crystallinity and the specific features of packing of the polymer chains of cellulose synthesized from phosphoric acid solutions relative to cellu- lose in commercial cellophane films. Note that the synthesized composite membranes show a higher level of He/CO 2 ideal selectivity than that of both the PVTMS membranes and the cellophane films. Taking into account the resistance of cellulose to the impact of hydrocarbons, the result can be promising for the development of membrane processes of helium extraction from natural gas. This effect can be associated with the specific features of the CO 2 sorption mechanism in the selective layer of the new membranes, which lead to a decrease in the total CO 2 level relative to other studied gases. Apparently, the occurrence of this effect is attributed to the presence of bound water molecules or the residual solvent in the matrix.
CONCLUSIONS
The proposed method to synthesize new gas separation membranes with cellulose-based selective layers from phosphoric acid solutions provides the formation of coatings that are uniform in both the lateral and vertical directions on various woven substrates. Analysis of the mechanical properties of these membranes shows their advantage over both unsupported cellulose films synthesized in this study and commercial cellophane films. Comparative experimental data on the gas permeability of the samples confirm that the composite membranes on substrates of viscose and polyamide fabrics have defect-free selective gas-separation layers. It is significant that the new gas-selective membranes are characterized by a high level of gas permeability, which is comparable, for example, to the permeability of a composite membrane based on PVTMS. In general, it can be stated that further systematic studies are required for a detailed interpretation of the gas permeability data for the new cellulose-based composite membranes. The study has shown not only that the selected method is efficient for synthesizing cellulose-based composite membranes, but also that a number of the synthesized membranes can be effectively used to develop new membrane modules in the membraneassisted gas purification and separation processes.
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